.-An investigation of the mode of action of phenethyl alcohol produced the following results. Phenethyl alcohol had no effect on the physicochemical properties of isolated deoxyribonucleic acid (DNA). The DNA isolated from phenethyl alcohol-treated bacteria had physicochemical properties identical with those of DNA isolated from normal cells. The metabolic functions most sensitive to the inhibitory action of phenethyl alcohol appeared to be the process of enzyme induction and, possibly, the synthesis of messenger ribonucleic acid. Phenethyl alcohol did not affect the polyuridylic acid-mediated synthesis of polyrphenylalanine in a cell-free amino acid-incorporating system.
The bacteriostatic agent, phenethyl alcohol (PEA), has been used to inhibit reversibly the growth of certain gram-negative microorganisms (Lilley and Brewer, 1953) . More recently, Berrah and Konetzka (1962) reported that PEA selectively inhibited the synthesis of deoxyribonucleic acid (DNA) of Escherichia coli; on the basis of this observation, PEA has been used in a number of laboratories to study the relationship of DNA synthesis to various biological processes (Bouck and Adelberg, 1963;  Buttin, 1963; Folsome, 1963; Jacob, Brenner, and Cuzin, 1963; Konetzka and Berrah, 1962;  Roizman, 1963;  Rosenkranz, 1964) . The action of PEA on DNA appeared to be unique, since other known inhibitors of DNA synthesis, such as ultraviolet irradiation (Barner and Cohen, 1955; Kelner, 1953) , mitomycin C (Reich, Shatkin, and Tatum, 1961) , alkylating agents (Herriott, 1951) , and thymine deprivation resulting in thymineless death (Barner and Cohen, 1954) , are bactericidal rather than bacteriostatic. Therefore, a study of the mode of action of PEA seemed warranted, especially in view of the several reports dealing with the effect of this agent on bacterial sporulation (Slepecky, 1963; Slepecky and Celkis, 1964) and the development of ribonucleic acid (RNA) bacteriophages (Nonayama and Ikeda, 1964) . These processes are thought to involve neither DNA synthesis nor function, because bacterial sporulation has been shown to depend upon the availability of mRNA (Del Valle and Aronson, 1962; Szulmajster, Canfield, and Blicharska, 1963) , and the RNA phages have been observed to develop independently of DNA synthesis (Cooper and Zinder, 1962) .
MATERIALS AND METHODS Nucleic acids. Calf thymus DNA was prepared by a procedure using detergents (Kay, Simmons, and Dounce, 1952) which was modified to eliminate salt-free solvents. Bacterial DNA was prepared by the method of Marmur (1961) .
Bacteria. The strain of E. coli used for most of the experiments was E. coli C600, a derivative of E. coli K-12, which requires threonine, leucine, and thiamine for growth. Other strains used were E. coli C4, an alkaline phosphatase constitutive mutant of E. coli K-12-Hfr (Torriani and Rothman, 1961; Echols et al., 1961) , E. coli B and its radiation-resistant mutant B/r (Hill, 1963) , and a phenylalanine-requiring mutant of E. coli K-12.
Media. Bacteria were grown in the synthetic medium of Davis and Mingioli (1950) , which, for E. coli C600, was supplemented with 5 mg of thiamine hydrochloride and 10 ml of casein hydrolysate (Nutritional Biochemicals Corp., Cleveland, Ohio) per liter. This medium was called HA. For the study of the uptake of radioactive phosphorus, the cells were grown in low-phosphorus medium K, Davis, 1961, 1962) adjusted to 10-3 M K+. The derepression of alkaline phosphatase was carried out in the phosphorus-free tris (hydroxymethyl)aminomethane (Tris) medium of Torriani (1960) , supplemented with amino acids and thiamine (medium HA, above). Glucose was added to all of these media to a final concentration of 0.5%. 1354 EFFECT OF PEA ON E. COLI SYNTHESIS Physicochernical characterization of DNA. The thermal transition profile was measured with a Beckmiiani)U spectrophotometer in the manner described by MIarmur and Doty (1962) . The nmidpoint of the absorbance rise, Tm, , was used to characterize the samiiples. Sedimentation velocity studies were carried out oni 0.003% solutions in 12-mm Kel-F centerpiece centrifuge cells. The Spinco mlodel E analytical centrifuge, e(quipped with an ultraviolet optical system, was operated at 50,740 rev/min. Photographs were scanned with a Joyce-Loebl -Mark III B densitometer, and sedimenitationi coefficients were calculated as described previously (Ilosenkranz, 1959) .
The banding properties of D)NA specimiiens in a gradient of CsCl were determined essentially as described by Schildkraut, Marmtur, and Doty (1962) . All runs contained an internial stanidard of imiicrobial DNA of knowni density [LlIicrococcits lysodeikticats, 1.731 g/cn', or Bacillus cer eos, 1.696 g/Cnm3 (Schildkraut et al., 1962) ]. The centrifuge was operated at 44,770 rev/min for 20 to 24 hr.
Therrnal denaturationis were carried out in a boiling-water bath for 10 mmiin; renaturation (Schildkraut, Marmur, and Doty, 1961) was allowed to occur by letting the samples return to room temperature over a period of 8 hr.
For all these procedures the DNA was dissolved in 0.15 M NaCl containing 0.015 M sodium citrate (standard saline-citrate).
Growth of bacteria. Overinight cultures were diluted to a concentration of 108 cells per nml and were growni with aeration to a density of 2 X 108 cells per ml, at which time the cultures were divided into several portions and PEA was added.
Turbidities were determined at 450 mn,u with a Bausch and Lomb Spectronic 20 colorimeter, and viable counts were made as described previously (1Rosenkranz and .
Ulptake of C'4-anmiro acids. To portions of growing cells (E. coli C600) in mediumii HA, various amlounts of PEA were added so that the final PEA concentration varied from 0 to 0.5%. C14-labeled algal protein hydrolysate was added immediately thereafter. The cultures were aerated at 37 C and samples (2 ml) were removed at 90 min; these were precipitated and washed with perehloric acid (3%'). An extraction with perchloric acid at 90 C insured the hydrolysis of aiminoacvI sRNA. The inisoluble residues were collected on filter membranes (Siekevitz, 1952) and washed extensively with cold 3%. perchloric acid. The radioactivity retained by the filter discs was determiined with an end-winidow Geiger counter.
IncoCporation of P'2 -orthophosphate. Cells growing in medium K, were treated as above, and P32-orthophosphate was added. At the end of 90 nmin, replicate samiiples (1 ml) were withdrawin and precipitated with perchloric acid (final concentration, 3%,;6). One set of sarnples was then collected on filter membranes, extensively washed with cold perchloric acid, and the retained radioactivitv was determined. The other set was drained free from perchloric acid, tand 1 mil of 1 N NaOH was added. These saml)les were then incubated at 37 C for 16 hr and nieutralized with 1 1m1l of 1 N IICl. They were theni adjusted to 3%' with perchloric acid anid collected on filter discs, The radioactivity retained by the filters was assayed with a liquid scintillation counter.
ROSENKRANZ, CARR, AND ROSE centrifugation. Cells (600 ml) were brought to the exponential growth phase (2.5 X 108 bacteria per ml) in medium K1 supplemented with casein hydrolysate and thiamine hydrochloride. They were then divided into three equal portions (flasks A, B, and C). Flask A was adjusted to 0.5% PEA. Flasks A and B were supplemented with 1 mc of P'2-orthophosphate, and no addition was made to flask C. The cultures were aerated at 37 C for 1 hr. The cells were then rapidly chilled by the addition of crushed ice. After harvesting, the cells were washed twice with cold 0.01 M Tris buffer (pH 7.8) in 107-M MgSO4 . Two-thirds of the untreated cells (flask C) were added to the PEA-treated bacteria (flask A), and the remaining third was added to the control culture (flask B). The cells were then processed for sucrose density centrifugation, as described previously (Rosenkranz and Bendich, 1964) .
Biosynthesis of macromolecules. Standard procedures were used to determine nucleic acid and protein contents of treated and untreated cells precipitated from 30-ml samples with perchloric acid (Rosenkranz and Bendich, 1964) .
Determination of glucose utilization. Portions of exponentially growing cells of E. coli C600 in medium HA adjusted to 0.2% glucose were distributed into flasks containing premeasured amounts of PEA. In parallel, portions of sterile medium (HA plus 0.2% glucose) were also added to a series of flasks containing PEA. The cells and controls were incubated at 37 C for 90 min and then placed into a boiling-water bath for 5 min. The killed cells were removed by centrifugation, and the glucose content of the clear supernatant fluids and of the control solutions was determined with glucose oxidase. The glucostat reagent (Worthington Biochemical Corp., Free- hold, N.J.) was used for this purpose.
For the determination of the glucose utilization of resting cells, bacteria were washed twice and resuspended in the minimal medium of Davis and Mingioli (1950) , supplemented with thiamine hydrochloride, but lacking NH4C1. The glucose level was adjusted to 0.2%, and the amount of glucose consumed in 90 min was determined.
Derepression of alkaline phosphatase. Overnight cultures of E. coli C600 in nutrient broth were harvested and washed with sterile saline and resuspended in the phosphorus-free Tris medium (Torriani, 1960) , supplemented with thiamine hydrochloride, casein hydrolysate, and glucose. After 1.5 hr, the cells were harvested, ground with alumina, and extracted with 1 M Tris buffer (pH 8.0).
The alkaline phosphatase content of growing cells was determined by removing samples to which 1% Merthiolate was added to stop protein synthesis. The cells were then treated with toluene, and their enzyme content was estimated by the procedure of Echols et al. (1961) .
Immunochemical techniques. The preparation of the antiserum to purified alkaline phosphatase has been presented (Rosenkranz, Bendich, and Beiser, 1963) . Double agar-gel diffusions were carried out according to the Ouchterlony technique by use of a medium composed of 0.6% agar, 0.85% NaCI, and 0.067 M barbital adjusted to pH 7.5. Diffusion was allowed to proceed at 4 C in a moist chamber.
Cross-reacting proteins were also tested for by the precipitin Method of Masters and Pardee (1932) . To 0.1-ml portions of a 1:50 dilution of an immune serum, increasing amounts of mixtures of cell extracts of known alkaline phosphatase activity were added. The total volume was adjusted to 0.6 ml with 0.15 m NaCl. After 1 hr at 37 C, the tubes were refrigerated overnight, centrifuged in the cold, and the enzymatic activities present in the supernatant fluids were assayed. It has been shown that a cross-reacting protein may prevent combination and precipitation of antibody and active enzyme and, consequently, that "if enzyme remaining in the supernatant after precipitation is plotted against enzyme input, the point at which residual enzyme is first detected in the supernatant will be shifted toward the origin in the presence of cross-reacting material" (Masters and Pardee, 1962) . The validity of the procedure was, therefore, checked by including an alkaline phosphatase (not crossreacting) derived from Proteus mirabilis. This enzyme was prepared by resuspending an overnight culture of P. mirabilis in the phosphorusfree Tris medium (Torriani, 1960) , supplemented with nicotinic acid. The cell extract was prepared as described above for the E. coli enzyme.
Polyuridylic acid (poly U)-stimulated synthesis of C14-polyphenylalanine. Cells in medium HA were cultivated to the middle of the exponential growth phase, at which time one-half of the culture was chilled and harvested, and the other was exposed to 0.5% PEA for 1 hr. The procedure of Nirenberg and Matthaei (1961) was followed to prepare the S-30 fractions which were treated with deoxyribonuclease (2 jug/ml) and dialyzed overnight against several changes of standard buffer (Nirenberg and Matthaei, 1961) .
The poly U-mediated synthesis of polyphenylalanine was determined by use of the reaction mixture of Nirenberg and Matthaei (1961) , together with poly U (10 ug), the S-30 fraction, C14-phenylalanine, and various concentrations of Effect on purified DNA. Exposure of DNA solutions to PEA did not result in any change in the physicochemical properties of these macromolecules. Thus, the thermal denaturation profile of DNA was not influenced by the presence of PEA ( Fig. 1) . This eliminates the type of specific binding which has been observed between DNA and polyamines (Mandel, 1962; Mahler and Mehrotra, 1963) , or between DNA and actinomycin (Haselkorn, 1964) . This finding also rules out an attack by PEA on a specific group of the DNA molecule, such as is caused by hydroxyurea and hydroxylamine Bendich and Rosenkranz, 1963) . Treatment of DNA with these agents has been shown to result in altered thermal denaturation profiles.
Some biological agents have been shown to act by virtue of their ability to promote cross-linkages between complementary DNA strands [e.g., alkylating agents (Geiduschek, 1961) , ultraviolet irradiation (Marmur and Grossman, 1961) ]. This effect can be detected by the reversible thermal denaturation of preparations so treated. When calf thymus DNA was heated in the presence of PEA and then rapidly chilled, it exhibited the thermal denaturation profile (Fig. 2) and banding behavior in a giradient of cesium chloride (Table 1 could be detected between the preparations (Table 2) . Upon heat denaturation and quick chilling, the DNA isolated from the treated cells exhibited an increase in buoyant density of 0.014 to 0.015 g/cm3 (Fig. 3) and a modified thermal transition profile (Fig. 4) . These properties, which are typical of "native" DNA (Doty et al., 1960) , are indicative of a structurally intact bacterial genome. This finding is not unexpected when the bacteriostatic action of PEA is considered. In contrast, the bactericidal agent mitomycin C causes in vivo cross-linking of the DNA strands (Iyer and Szybalski, 1963 (Brock and Brock, 1959) that turbidity increments are a good measure of protein synthesis; hence, it can be expected that PEA would interfere with protein synthesis.
The ability of E. coli C600 to incorporate C'4-labeled amino acids into acid-insoluble material, in the presence of PEA, was used as one index of protein biosynthesis. The data summarized in Fig. 7 allow the calculation of the amount of PEA required for 50% inhibition of amino acid incorporation; this value is 0.16%. In the same experiment, 0.18 % PEA also caused a 50% inhibition in increase of turbidity (Fig. 7) .
The effect of various PEA concentrations on the net synthesis of proteins is summarized in Fig. 8 , from which it can be calculated that a 50% decrease in protein synthesis is brought about by exposing the bacteria to 0.13% PEA.
Effect of PEA on nucleic acid synthesis. The incorporation of P32-orthophosphate into acidinsoluble material was somewhat more sensitive to inhibition by PEA than was the uptake of labeled amino acids. Thus, a concentration of 0.1% was sufficient to lower radiophosphorus incorporation by 50 % (Fig. 9) 5% trichloroacetic acid and extracted at 90 C (30 min) with two 1-ml portions of 5% trichloroacetic acid. The acid-insoluble residues were dissolved in 1 ml of 1 N NaOH, and their protein content was determined (Lowry et al., 1951) . of radioactive label into DNA (i.e., acid-precipitable, alkali-insensitive material) was also followed. Thus, a PEA concentration of 0.17% was required for a 50%c reduction in DNA metabolism (Fig. 9) (Fig. 10) . This compares favorably with the value of 0.13%7, PEA required to achieve a 50% inhibition of the net synthesis of RNA (Fig. 11) . On the other hand, when H3-thymidine was used as a specific precursor of DNA, no inhibitory effect of PEA was seen, even at a concentration of 0.57% (Fig. 12) . This occurred despite Effect of PEA on the incorporation of P32-orthophosphate in bacterial nucleic acids. Bacteria (10 ml), exponentially growing in medium HA, were distributed into flasks containing measured amounts of PEA and 0.1 ml of P32-orthophosphate (47 ,uc). After 90 min of incubation at 37 C, quadruplicate 1-ml samples of culture were removed and precipitated with perchloric acid. After 30 min in the cold, two of the samples were collected onto filter discs and washed extensively with 3% perchloric acid (total nucleic acids). To each of the other two samples, 1 ml of 1 NV NaOH was added; the samples were incubated at 37 C for 16 hr and neutralized with 1 N HC1. After adjustment to 370 perchloric acid, the samples were kept in the cold for 30 min and collected on filter discs in the usual manner (DNA). The amount of radiophosphoruts incorporated into RAA was determined by difference between the values for total nucleic acids and DNA. Symbols: 0, total nucleic acids; *, DNTA; O, RNA. the fact that the cultures exposed to H3-thymidine showed the decreased turbidities characteristic of PEA treatment (Fig. 12) . This was unexpected in view of the effect of PEA on the net synthesis of DNA (Fig. 11) and on the metabolism of DNA-phosphorus (Fig. 9 ). This phenomenon might be similar to the DNA turnover described by Zamenhof, Rich, and de Giovanni (1959) in which the DNA-thymine of resting cells (E. coli) was replaced by the bromouracil present in the medium. Similarly, it may be hypothesized that PEA-treated cells are capable of exchanging DNA-thymidine for the H3-thymidine present in the medium. To test this possibility, bacteria were exposed to H3-thymidine and radioactive phosphorus, simultaneously, in the presence and absence of PEA. The DNA was purified by preparative cesium chloride density-gradient centrifugations. The data presented in Table  3 clearly indicate that there is a differential inhibition in the uptake of radiophosphorus. The possibility that the uptake of H3-thymidine in the presence of PEA was due to the addition of the nucleoside to the terminal position of the DNA chain was excluded by showing that the label could not be removed with phosphodiesterase ( Effect of PEA on H3-thymidine incorporation. The procedure was identical to the one used with C14-uracil (see Fig. 10 ), except that H3-thymidine was used. The amount of H3-thymidine incorporated was determined in a liquid scintillation counter. Fig. 13 . The data suggest that the minimal incorporation which is observed in the presence of 0.5% PEA can be accounted for mainly by material of low molecular weight. The properties of ribosomes and ribosomal RNA isolated from bacteria treated with various concentrations of PEA will be the subject of a subsequent report.
Effect of PEA on enzyme induction. Upon enzyme induction, the synthesis of the structural protein is preceded by the formation of a specific messenger RNA (mRNA) (Nakada and Magasanik, 1964) . Since it has been shown by several criteria that the synthesis of RNA is more sensitive to inhibition by PEA than is protein production, the effect of PEA on enzyme induction might clarify this point further. The levels of alkaline phosphatase of bacteria (E. coli C600) exposed to several levels of PEA concentrations, under both resting and growing conditions, are summarized in Fig. 14 . The amount of PEA required to decrease the specific enzymatic activity by 50% was 0.07 and 0.04%, respectively, whereas 0.21 % PEA was required to cause a 50% diminution in turbidity (Fig. 14) . Under similar conditions, the specific activity of E. coli C4, a strain constitutive for alkaline phosphatase, was also reduced, although the (Davis and Mingioli, 1950) to the exponential growth phase, at which time 200-ml portions of the culture were distributed into prewarmed flasks containing various amounts of PEA. After 90 min of aeration at 37 C, the cells were harvested, washed, and processed. t Expressed as units per milliliter of protein.
amount of PEA required for 50% inhibition was not determined (Table 4 , Fig. 15A ). The induction of certain enzymes in the presence of purine or pyrimidine analogues has been shown to result in the production of enzymatically inactive, but immunochemically related, proteins (Bussard et al., 1960; Garen and Siddiqi, 1962) . These findings have been interpreted as resulting from mistakes in base pairing caused Table 4 ): extract from untreated cells (top); exposed to O.lcl PEA; 0.5%; 0%,c; 0.1%; 0.5%.
(B) Extracts from cells (E. coli C600) induced in the presence of PEA: 0% PEA (top); 0.05% PEA; 0.1% PEA; 0.2% PEA; 0.5% PEA; an extract from E. coli (untreated) .
by the incorporation of these analogues into mRNA (Champe and Benzer, 1962) . The incorporation of amino acid analogues into proteins has also been shown to result in such an effect 1363 VOL. 89, 1965 on November 13, 2017 by guest http://jb.asm.org/ Downloaded from ROSENKRANZ, CARR, AND ROSE (Neale and Tristram, 1963; Richmond, 1963) . The possibility that PEA could either induce mistakes in base pairings or be transformed metabolically into an amino acid analogue which could be incorporated into the enzyme, thus resulting in lowered alkaline phosphatase activity, was, therefore, tested by immunochemical techniques. Agar-gel diffusion (Fig. 15B) of an antibody prepared against alkaline phosphatase, with the cell extracts described in Fig. 14, revealed lines of precipitation which correlated well with their enzymatic activity. Since this is not the most sensitive method, however, the modified precipitin technique described by MIasters and Pardee (1962) was also employed. The results in Fig. 16 show that, in all the E. coli preparations, residual activity could be detected when an excess of 100 units of enzyme activity was added, thus indicating that even the extract induced in the Nirenberg and Matthaei (1961) . It contained C'4-phenylalanine (70,000 count/min) and samples of the S-30 fraction prepared from logarithmically growing Escherichia coli C600. Total volume was 0.5 ml. Phenethyl alcohol (0.1 ml) was added at time zero, and poly U (10 lg) was added 20 min later. After 45 min, the reaction was stopped by the addition of trichloroacetic acid. After extraction at 90 C, the insoluble residues were collected on filter discs and the radioactivity present in the precipitates was determined.
t Poly U was not added in this case, but was present in all the other cases. (Rosenkranz, Carr, and Rose, 1964) . It was then found that induction of the enzyme in the absence of PEA, followed by the addition of PEA at t = 3 min, resulted in an almost twofold increase in the 3-galactosidase subsequently produced. This can be interpreted as meaning that the f-galactosidase-specific mRNA formed during the first 3 min did not have to compete for the ribosomes with other newly formed mRNA synthesized after t = 3 min, since the addition of PEA at that time effectively inhibited the synthesis of further mRNA. This, therefore, resulted in an increased level of enzyme.
Attempts to reverse the bacteriostatic effect of PEA. PEA might be considered to be an analogue of either p-aminobenzoic acid or phenylalanine.
Therefore, attempts to reverse the bacteriostatic action of PEA by these agents were made, but amounts up to 20 ,ug/ml were insufficient to reverse the action of 0.5% PEA. Also, PEA failed to satisfy the requirement of a phenylalanine-dependent strain of E. coli. Attempts to overcome the effect of PEA by thymine and uridine were also without success.
Effect of PEA on a radiation-resistant mutant. Greenberg and his collaborators (Greenberg, Mandell, and Woody, 1961; Woody-Karrer and Greenberg, 1964) have shown that strains of E. coli resistant to ultraviolet light were also resistant to other agents which interfere with DNA function and metabolism. Since PEA had originally been reported to affect DNA metabolism , it was considered of interest to examine the effect of PEA on E. coli B and its radiation-resistant mutant, B/r. The data in Table 7 indicate that E. coli B/r is more resistant to agents known to interfere with DNA metabolism, such as indicated that DNA synthesis was the primary target of PEA; this is not supported by the present study with E. coli C600. It was shown by other investigators (Cohen and Barner, 1955; McFall and Magasanik, 1962; Nakada, 1962; Cheer and Tchen, 1962) that interference with D)NA metabolism does not result in the abolition of enzyme induction, yet the biosynthetic process most sensitive to PEA was found in this study to be enzyme induction. PEA was also found to be without effect on the physicochemical properties of isolated, as well as physiologically active, DNA. Studies are in progress to find out whether these observations also apply to the biological properties of DNA. A strain of E. coli resistant to various agents known to be inhibitory to DNA was as sensitive to PEA as the wild strain from which it was derived.
The present study offers an explanation for the inability of bacterial sporulation and RNA bacteriophage development to proceed in the presence of PEA. It would therefore appear that a reassessment of some of the conclusions deduced from biological studies, which used PEA on the assumption that it interfered solely with DNA synthesis, would seem justified. The specific effect of PEA on the synthesis of mRNA will be substantiated in greater detail in a later report. This property of PEA has been taken 
